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Microwave Remote Sounding of Atmospheric
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future directions
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Outline of talk

» Introduction, overview of the microwave limb
sounding technique

» MLS on the Upper Atmosphere Research
Satellite (1991-2001)

» MLS on the Earth Observing System (EOS)
Aura satellite (2004-)

» Selected highlights from Aura MLS LS G Wodule

MLS Spectrometer

e Stratospheric ozone
e Upper tropospheric water and clouds , _
e Upper tropospheric composition MLSTH,M:/
» Some recent Aura MLS-derived research s

e Six years of tropical upper tropospheric ow
ozone, carbon monoxide and cloud ice measurements

» Beyond Aura: A brief look at future atmospheric composition missions and
instrument concepts



Important issues in atmospheric composition

» Atmospheric composition is at the heart of many issues
facing planet Earth:

Climate change — through changes in greenhouse gases and
the impact pollution can have on cloud formation

Ozone layer stability — anthropogenic emissions of long lived halogen species
have directly led to depletion in stratospheric ozone, and to the Antarctic
‘ozone hole’

1979 1993 1996 2009

1982 2006

1985 1989 2000 2003

Air Quality — biomass burning and anthropogenic
pollution directly affect air quality. Intercontinental
transport of pollution (e.g., Asia to California) makes
this a global issue




The Microwave Limb Sounding Technique
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> The MLS satellite instruments observe thermal microwave emission from rotational
lines of atmospheric molecules

» Limb viewing has several advantages over nadir sounding for composition:
e Gives improved vertical resolution
e |t avoids issues of emissivity etc., when looking at Earth’s surface
e Longer ray path gives a stronger signal for trace species

* |n addition, microwave instruments are less sensitive to clouds than UV/Visible/IR
instruments

» A disadvantage is that horizontal resolution is generally poorer

» Also, continuum absorption ultimately limits our information to the atmosphere
above ~400 hPa




The nature of microwave limb signals

» MLS instruments are ‘fancy radio receivers’

e MLS instruments perform ‘radio astronomy of the Earth’
» The frequency resolution is sufficient to resolve individual spectral lines
» Collision induced line broadening increases line width by ~3 MHz / mb

e So, at 100mb (~16km), spectral lines are ~300 MHz wide
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MLS on the Upper Atmosphere Research Satellite

>

The first MILS was one of ten instruments on the Upper Atmosphere Research
Satellite (UARS) launched in 1991

UARS MLS operated for ~10 years (though observations became increasingly sparse
from ~1995)

The original scientific goal of UARS MLS was to improve understanding of
stratospheric ozone chemistry in the upper stratosphere

UARS MLS was designed to measure stratospheric O,, ClO, and H,0

It also measured stratospheric HNO;, Temperature, SO,, and CH,CN, upper
tropospheric H,O and cloud ice, and gravity waves
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Background — The Antarctic Ozone Hole

Low
temperatures

and descending
air

196 205 214 223 100 175 250
K ppbv

Reactions on the surfaces of
these cloud droplets convert chlorine
from ‘safe’ HCl into other forms
including ‘ozone-depleting’ CIO,

leading to
chemical
ozone loss.

lead to formation of
HNO, / H,O clouds.

3 6 9 12 15 36 42 48 0.45 0.90 1.35 1.80 03 06 09 12 16 22 28
ppbv ppmv ppbv ppbv ppmv

Aura MLS observations from 2006



UARS MLS discovery — Arctic chemical ozone loss

» The first day’s observations from
UARS MLS (below) showed
enhanced ClO in the Antarctic
polar vortex

» UARS MLS showed (right) that the s

ArCﬁC pOIar Vortex had aS mUCh (s::::ol:;:;:.o:;n(oodon. tostimony)
chlorine activation as the Antarctic st S SR
(albeit for a shorter period) e
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Aura Microwave Limb Sounder objectives

National Aeronautics and
Space Administration

EOS MLS
oy to study

J ~ Earth’s
ozone
and

Y climate

» Track the recovery of the ozone layer

» Understand aspects of how atmospheric
composition affects climate

University of Edinburgh

» Quantify aspects of pollution in the upper
troposphere
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NASA’s Aura mission
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» EOS Aura is the last of the three main NASA EOS missions

» Aura was launched from Vandenberg air force base in July 2004 carrying
four instruments

High Resolution Dynamics Limb Sounder (HIRDLS)

e An infra-red radiometer for sounding the stratosphere, mesosphere and
upper troposphere (heritage from LIMS, SAMS, ISAMS)

Microwave Limb Sounder (MLS)

* A microwave radiometer for sounding the stratosphere, mesosphere
and upper troposphere (heritage from UARS)

Ozone Monitoring Instrument (OMI)

* Measures column O,, N,0O, SO, and other species from UV/Visible solar
backscatter (heritage from TOMS)

Tropospheric Emission Spectrometer (TES)

* Aninfrared limb and nadir viewing Fourier transform spectrometer for
measuring tropospheric O;, CO and other species



Aura’s place in the polar orbiting ‘A-train’

CALIPSO

CloudSat

T min.

5 min

» The ‘A-train’ is a constellation of Earth observing satellites flying in formation

» The satellites all observe nearly the same air-mass (and/or ground pixels) within ~20
minutes of each other

» Glory, GCOM-W1 and OCO-2 are all in development

» Parasol has vacated its position in the A-train owing to fuel limitations



EOS MLS measurement objectives
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» Thinner lines indicate regions/products where averaging (e.g., zonal means) is
required for useful signal to noise

» Dotted lines are goals for future versions of the MLS algorithms



The EOS MLS instrument

'

1.6 m GHz 118 GHz
antenna swi('iglhzing
mirror 190 GHz
GHz cal and
fargets optical — 240 GHz
Space Atmospheric multiplexer
background signals 640 GHz
Receiver Frequency Main objectives
R1A, R1B 118 GHz Temperature and pressure (from O,)
R2 190 GHz Upper tropospheric water vapor
R3 240 GHz Upper tropospheric O5, CO and cloud ice
R4 640 GHz Stratospheric chemistry
R5H, R5V 2.5THz Stratospheric and mesospheric OH
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Halogen chemistry in the polar lower stratosphere

14

» Recent laboratory measurements have called into question our theoretical
understanding of chlorine-catalyzed polar ozone destruction

» When new parameters are used, models (e.g., SLIMCAT shown here) severely
underestimate ClO during the peak activation period

» ClO also remains Antarctic vortex average profiles vs. time
significantly
enhanced well
after MLS shows
deactivation,
especially at the
lower levels

» Dramatic delay in
deactivation also
seen in HCI

Potential Temperature / K
W / 8pniy eyewixoiddy

» Substantially less
ozone loss

Jun Jul Aug Sep Oct Jun Jul Aug Sep Oct Jun Jul Aug Sep Oct
CL T T T 7o ([ [T T IO [ 7o ([ [T [ TOreT [ [

[Santee et al., JGR, 2008] 04 10 16 22 0.16 0.40 0.64 0.88 11 20 29 38
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Using MLS data to constrain chemical kinetics

» MLS observations of enhanced CIO during polar night have placed new constraints on
the equilibrium between ClO and the CIOOCI dimer (a key player in polar ozone loss)

» Laboratory quantifications of this equilibrium have to be extrapolated to the low
temperatures found in the stratosphere

» Over 37,000 MLS nighttime CIO observations (grey points) were used to derive a new
guantification for the equilibrium (black fitted points), with estimates of total
inorganic chlorine (ClO,) taken from the SLIMCAT model

» MLS observations were taken from seven winters (both Arctic and Antarctic)

> MLS results agree with some, = i - #MLS CIO Points in Retrieval = 37272
but not all, laboratory data (red & [ TPLLSOS,&?J!(:’JLF;LG()?/:\, BRI RESI .
and green lines), and airborne % Avallone & Toohey Ko, q
observations (blue line) § -10 = von Hobe K, .

» These findings are in line with % E
theoretical expectations and =
arguably preclude any F ;
alternative mechanism with < ;

greatly dissimilar temperature
dependence 1000/T (K]
[Santee et al., PNAS, 2010]



MLS ozone observations and solar variability

» Observations of 2004—2007 solar spectrum changes from the SORCE satellite
challenge established models of the modulation of the solar spectrum by the

solar cycle

» A recent paper [Haigh et al., Nature, 2010] shows that the 2004—2007
variations in stratospheric and mesospheric ozone observed by MLS are
more consistent with the SORCE-observed solar spectral changes than the

previously-expected spectral changes

» The paper also discusses how these findings have important implications for
the accurate quantification of radiative forcing and hence climate

e Properly accounting for changes in solar irradiance is essential for

accurate anthropogenic radiative forcing estimates

Solid line shows deseasonalized MLS O,
observations at ~32 km. Dotted line
shows empirical model fit, while red line
shows empirically fitted solar cycle
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MLS observations of ‘tape recorders’
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» Several atmospheric ‘tape recorder’ phenomena have been discovered by MLS

e Water vapor, e.g., Read et al., ACP 2008 (discovered by UARS MLS)
e Carbon monoxide — Schoeberl et al., GRL 2006
e Hydrogen cyanide — Pumphrey et al., GRL 2008



MLS gives insights into TTL processes

» MLS H,0 and CO observations have led to improved understanding of processes in
the Tropical Tropopause Layer (TTL)

» H,0 observations confirm the role of the cold point tropopause in controlling
stratospheric humidity

» However, overshooting convection (above the level of neutral buoyancy) is needed
for models to match TTL CO variations observed by MLS

100 hPa CO variability MLS observations
100 T T T v. vvvvvvvv T T T

Qo
e}

CO ppbv
B O

o
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0

Models W|th ol
D] FMAM ] ]ASOND] FMAM ] ]ASOND] SV INVIB N Models without

overshooting

convection

» See Read et al., [2008, ACP] for more discussion

* Including the use of ACE-FTS HDO to provide further constraints on cloud ice lofted
by the overshooting convection

* Also, discussion of factors affecting trends in stratospheric humidity



MLS Cloud Ice data and ECMWF model

» Maps show July 2006 cloud ice water content (IWC) at 215 hPa

» MLS provided the first global measurements of this poorly understood key
climate parameter

» New CloudSat and CALIPSO data
complement MLS measurements

» They measure large and smaller
cloud particles than MLS

» ECMWF used MLS IWC data to
help justify changes in
cloud microphysics

» This led to notable
improvements in
modeling of the
location and
intensity of tropical
thunderstorms

[Frank Li et al., GRL, 2005]



Observations of the aerosol indirect effect
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Cloud radius vs. cloud amount

» Aerosol-indirect effects — the impact of aerosol
pollution on cloud properties — are one of the
largest uncertainties in climate predictions

» Global studies of this are hampered by our
inability to remotely sense aerosols in the
presence of cloud

22 Clean cloud 7

» In some seasons and regions, MLS CO Polluted cloud

observations can be used as a proxy of aerosol
pollution

Aqua MODIS Ice Effective Radius (10°m)

2010

o Precipitation vs. cloud amount
» Over south America in June — October, polluted -

clouds are seen to be associated with smaller
particle sizes and lower precipitation than
‘clean’ clouds

0.8F Clean cloud: _
[ Polluted cloud: ]

0.6

0.4

TRMM Precipitation (mm/h)

» Such observations are being used in new [
parameterizations of aerosol indirect effects in 02}
climate models

0.0 . R | , A
1 10 100
Aura MLS IWC (mng/m’)

[Jonathan Jiang et al., GRL, 2008]




MLS observations of upper trop. O;, CO, Cloud ice

This part of the talk is in a separate file



Outstanding science questions in the UT/LS

» MLS UT/LS observations are providing information needed to quantify critical
processes affecting climate, ozone layer stability and air quality

» However, these observations lack the temporal and spatial resolution needed to
guantify important processes with small length and time scales

» Notable among these is deep convection which, on timescales of hours, rapidly
transports air from the (potentially polluted) boundary layer into the UT

e Convection dominates the budgets of upper trop. O;, H,0, & cloud ice

e Convection has a significant diurnal cycle, peaking strongly in the afternoon over
land and weakly during the night over oceans

> Deposition of boundary layer air into the upper
?-/% troposphere. Model predictions from
e 10} I = ) Mullendore et al. [JGR, 2005] with crosses added
Z to show the SMLS resolution. Color indicates
Y5 t, + 10 hours the abundance of a boundary layer tracer at 2
and 10 hours into a convective simulation.
0 _.AL-— %

60 100 140 460 500 540 580
x / km x [ km



The Scanning Microwave Limb Sounder

» The Scanning Microwave Limb Sounder (SMLS) is a new instrument concept that

provides the needed high spatial / temporal resolution observations of the upper
troposphere and lower stratosphere

» SMLS adds azimuth-scanning, combined with low-noise ‘SIS’ receivers
e Asused in ground-based and airborne applications for ~20 years, enabled by
newly-available flight-qualified 4 K coolers

» This gives 50 x 50 km horizontal sampling

Horizontal
scan mirror

Receivers
& cal.

\\/'

Incoming

radiation

—>
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Primary
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SMLS temporal resolution

» The £65° SMLS azimuth scan gives a ~5500km-wide
swath from an 830 km orbit

» This views ~45% of the globe on every orbit

ici i 00 XS 4.5/ 8
» Such coverage offers dramatic improvements in O VALY

temporal resolution over earlier instruments

» For example, in a 52° inclined orbit SMLS would make 7
to 9 measurements daily at mid-latitudes

e Such measurements precess earlier in local time
each day, covering the entire diurnal cycle in ~36
days

e Such temporal resolution is needed to quantify
critical ‘fast processes’ affecting composition and
climate, notably convection

CANECL S A Al M s\ e i 2l Al VAl TN R

» An airborne prototype of SMLS is being developed

e This will be able to view a ~300 km-wide swath

from a high-altitude aircraft | [ | B

0.3 1.0 1.5 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Number of observations / 24h




An airborne SMLS instrument

500 km 1000 km 1500 km

e ey —

» From 60 kft (20 km) altitude (such as from the Global Hawk), an airborne limb sounding
instrument can view a 450 km-wide swath at 12 km, with a nominal 20x10 km horizontal

resolution (along x cross track)

» We are developing this instrument under the NASA IIP program, targeting the WB-57 or Global
Hawk platforms

» We expect a signal to noise ~4x better than that for Aura MLS

» Targeting measurements useful for improving understanding of convective outflow, long range
pollution transport, and stratosphere / troposphere exchange events



Summary and future work

>
>

>

Aura MLS makes daily global observations of more than 18 species

These observations have been made on an essentially uninterrupted basis for the six
years since launch

MLS data have been used in ~250 peer-reviewed scientific publications
e More than half have been led by scientists outside the ‘core’ MLS team
e We welcome your involvement!

A ‘near real time’ version of the MLS dataset (initially O, and Temperature) are
generated for use in data assimilation, weather forecasting, and field flight planning

Version 3 of the MLS data processing algorithms are now in production

* Main focus is improving data quality in the upper troposphere (notably for CO and
HNO,) and stratosphere (for CIO) and to add CH,Cl as a new product

Future plans for the MLS data include improvements to measurements in the
presence of cloud and extension of products to lower in the atmosphere

An advanced ‘Scanning Microwave Limb Sounder’ (SMLS) instrument concept is under
development, including an airborne prototype



Backup material

Backup material starts here



ppbv

Deep convective thunderstorms dominate the
budgets of ozone, carbon monoxide etc., in the
tropical upper troposphere

Lightning-generated NO, emissions act to increase
ozone abundances downstream of convection

MLS observations are a unique source of daily global
high-vertical resolution observations in this altitude
region, where water vapor and ozone are strong
greenhouse gases

MLS ozone observations (above) are being used to
validate the convective transport (and lightning)
schemes used in state of the art chemical transport
models (left)



Capitalizing on the power of the A-train

» MLS water vapor observations cover the upper troposphere and lower stratosphere
(an excellent complement to AIRS observations of the mid- and lower-troposphere)

» MLS observations are made within 10 km of CloudSat and CALIPSO cloud soundings
enabling new multi-instrument stuies

» Differences between MLS measurements of water vapor in clear-sky and cloudy
regions (as determined by collocated Calipso observations) give insights into the
possible influences of clouds on stratospheric humidity

cloudy air is g cloudy air is
drier o moister
/cu\
o
<
8
3
7
o
Contours denote water = 100
vapor difference —
between cloudy and
clear sky 3- I
.. 20 Tropopause
Grey shading indicates Latitude

that differences are

significant at >95% [Andrew Dessler, 2009, JGR]



